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d Abstract 

^ We briefly review the status of motivated beyond-the-MSSM phenomenology in the light 

^N of the LHC searches to date. In particular, we discuss the conceptual consequences of the 

^^ exclusion bounds, of the hint for a Higgs boson at about 125 GeV, and of interpreting the 

excess of direct CP violation in the charm sector as a signal of New Physics. We try to go 
into the various topics in a compact way while providing a relatively rich list of references, 
with particular attention to the most recent developments, [j 
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1 Introduction 

The theoretical difficulty in understanding the smallness of the Fermi scale in the Standard Model 
(SM) with respect to any New Physics at very high energies is the main motivation for expecting 
new phenomena to show up already in the energy range that is probed by the CERN LHC. One 
of the most appealing solutions to this 'Hierarchy Problem' is Supersymmetry (SUSYM to the 
point that it is sometimes called 'the Standard Way beyond the SM'. 

Since superpartners have not been found at colliders, Supersymmetry is apparently pushed 
more and more to higher energies and this in principle weakens its power in solving the Hierarchy 
Problem, or equivalently some amount of finetuning is apparently reintroduced in the determi- 
nation of the electroweak scale. While this is more and more unavoidably true at least for its 
minimal implementation, the Minimal Supersimmetric Standard Model (MSSM), it is also clear 
that non-minimal implementations or non-standard configurations can still have the chance to 
be natural, i.e. not finely-tuned. It is then crucial, from a conceptual point of view, to keep an 
eye on these natural configurations until they are excluded since, if it were not for the Hierarchy 
Problem, SUSY could manifest itself at much higher energieq^ 

The main recent experimental inputs that are relevent for our considerations are the following: 

• A SM-hke Higgs boson is now excluded from about 127 GeV up to 600 GeV [I2][I3]. At the 
same time, there is a 2 -=- 3o" hint for a Higgs-like scalar close to 125 GeV. 

• Direct searches of s-particles [ll]-[16] have already set very strong lower bounds on their 
masses. These bounds are quite model dependent, however it can be said that typically the 
squarks of the first two generations have to be heavier than about 1 TeV. The case in which 
only the third generation is light, which is very motivated by naturalness as we shall see, 
is instead much less constrained, see [I9][20] for theoretical estimates. In such a situation 
the gluino could still be as light as 600 -i- 800 GeV, with the third generation even down 
to 200 -T- 300 GeV, and the LHC phenomenology depends crucially on the mass difference 
between the gluino and the charginos/neutralinos (see Figure fl]). 

• LHCb [T7] , and later CDF [18] , have measured with a high precision the direct CP violation 
in the decays of a D meson into K^K~ and tt+tt^. The world average now yields: 

l^afp = af - af"- = (-0.67 ± 0.16)% (1.1) 

which deviates by approximately 3.8cr from the no-CP violation point, and is quite larger 
than the value ~ —0.1% that one would expect in the SM. 

We focus on naturalness considerations in Section [2| we consider other possible issues and 
points of view in Section [3} and then conclude in Section |4j The main purpose of this discussion is 
to conceptually clarify the various possibilities in a compact way, while providing a relatively rich 
list of references with particular attention to the most recent studies. We hope that this summary 
may be useful at least as an orientation in this subject that is now a very hot topic [2T] |22j [23] . 



^A reasonalbly fair 'historical list of references' could be the following: for the initial activity (before 1980) [T]; 
for softly broken Supersymmetry (2]|3]; for minimal Supergravity (mSUGRA) [1]-IH]; for gauge madiation [5]-|llj. 



'Other motivations for (some) SUSY particles to be light are discussed in Section 3.2 
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Figure 1: A synthetic description of the relevant LHC phenomenology for Supersymmetry 
with a light third generation. When phase space opens up for final states involving the top 
quark, the channel g — ;■ bbx is suppressed because of the smaller Yukawa coupling. See 



2 Insisting on Naturalness 

2.1 The problem of finetuning 

As already said Naturalness, or the problem of finetuning is the main theoretical motivation for 
physics beyond the SM at the LHC energies. It makes thus sense to discuss this point in some 
detail. 

It is usually said that the problem stems from the 'quardatic divergences' that are present 
in the radiative corrections to the mass of an elementary scalar, or from the fact that these 
corrections are quadratically sensitive to the ultraviolet cutoff of the theory. This statement may 
sound strange, because it seems to depend on the way the theory is regularized: for example, 
where is the problem if one uses dimensional regularization instead of a sharp momentum cutoff 
to make the loop integrals finite? Given the importance of the issue, let us briefiy see how it can 
be expressed in terms of renormalized quantities: this will give us more insight in the meaning of 
finetuning in the supersymmetric case. 

Consider a heavy fermion field / coupled to the Higgs boson h through a Yukawa interaction: 

C-Yukawa = -yhfi^fn + h.c. (2.1) 

and let us regularize the Higgs self energy H(p^) with a cutoff A. The relevant diagram is shown 
in Figure |2] Left, and we have: 
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x{l — x)p'^, p is the momentum of the h line and '...' are finite terms. Let us 
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now consider a process involving energy scales /i much higher than the value m)^ of the mass 



^The conventional definition of finetuning is [25l|26]. For a modern introduction to the concept of Naturalness, 
see for example [27] ; for a more extended philosophical discussion see [28] ; the present discussion refers to [29] [30] . 







Figure 2: One loop corrections to the Higgs boson self energy due to ferniions or scalars. 

of the Higgs particle when it is produced on shell (the 'pole mass', that corresponds to the pole 
of the propagator). If we do renormalized perturbation theory using mF^^-, then quantum effects 
will give in general significant corrections to the physical observables, and it will be necessary to 
compute the relevant amplitudes at many orders in perturbation theory. It is instead convenient 
to treat mt as a parameter of perturbation theory, defined by a renormalization prescription at 
the scale /x, for example: 

S;^Sp')\,.=^. = ^^'' - ml{^^) (2.3) 

where Srenip^) is the renormalized propagator of the scalar h. As a result rrih becomes an 'effective 
mass' and starts running with the energy scale /i according to the Renormalization Group (RG) 
flow, like the other parameters of perturbation theory, with initial condition: 

^himfh^^) = m^^^\ (2.4) 

In this way the most important quantum corrections are resummed provided that one uses the 
value of this 'running mass' mh{fi) to compute the mass effects in a process involving the typical 
momentum scale /i. In words, mh{fi) is 'the mass that minimizes the quantum corrections if we 
probe the theory at the energy scale ^\ 

Consider now a fundamental theory that describes the physics at a very high energy scale 
Aj^: the value of the Higgs boson mass will be derived from the fundamental parameters of the 
theory at this high scale. Then, from the point of view of the fundamental theory, the 'initial 
value' of this parameter will be m/i(Aj„) at the scale Aj„, to be run down according to the RG 
flow. Actually there is some ambiguity here, because the running mass can be defined in different 



ways by using renormalization conditions different from (2.3). However this does not influence the 
essence of the problem. In fact notice that the quadratic divergence is canceled once and for all 
by the counterterm (so that it does not play any physical role), and for /i < rrif the logarithm in 



(2.2) is rougly independent oi p^, and it is again canceled by a constant counterterm. On the other 
hand for /x > ruf the correction starts being logarithmically energy dependent. This behaviour 
cannot be reabsorbed in the counterterms, which are polynomial functions of the momentum. The 
unavoidable consequence is that rrih starts running according to: 



dmKfi) 3y 



2 



Tni + .... (2.5) 



a log ft Atx^ ' 

where '...' stands for other terms that are eventually present, for example proportional to m\ itsef. 
Notice that this does not depend on having used a cutoff regularization instead of other methods, 
although in m/i(/i) there is some ambiguity related to the renormalization conditions that one 
chooses. This ambiguity however is only related to the polynomial terms in the self energy H(p^) 



as a function of p^, and it reflects the possibility of a different choice of the counterterms. The 
logarithmic contribution is instead completely fixed by the theory. 

From the point of view of renormalized perturbative quantum field theory, the hierarchy prob- 



lem stems from (2.5) and not, strictly speaking, from the quadratic divergence in (2.2)! Recall in 
fact that, for a fermion mass, the RGE is always proportional to the mass itself thanks to chiral 
symmetry, and thus a fermion mass 'tends to remain small if it is initially small'. Let us think 
instead about what ( |2.5[ ) means. Since analogous effects come from the interaction with scalar 
particles (Figure |2] Right) or vectors, the above result shows that the running mass of a scalar 
particle takes contributions from the mass of any particle it couples to. Suppose now that we look 
at the SM as the low energy remnant of a more complete theory, whose parameters are given at 
the 'input scale' Aj„, and we want to try to construct this theory. The question that one has to 
ask himself is whether to do that is easy or not. The hierarchy problem amounts to recognize that 
the answer is: no, it is highly nontrivial. In fact we have to specify the value of m/i(Aj„), and then 
run it down to low energy in order to find the value mh{AsM)- Let us see how precise this initial 
condition must be. To this end we change it by a small amount e, and see how the low energy 
theory is modified: 

mhiA^n) ^ (1 + e)mhiAin) => "^^(Asm) ^ (1 + A e)mhiAsM) ■ (2.6) 



Equation (2.5) with nif ~ Aj„ is a fair way to mimic the effect of the coupling of h to the high 



energy (or short distance) physics, and the result is: 



^ ^ dlogmlJAsM) _ A^„ 

d\ogml{A^n) ^ rriKAsAi) 



which is precisely the definition of finetuning [2S1 I2S], and (2.7) is usually refered to as the 
amount of finetuning (or inverse finetuning). The unavoidable conclusion is that, to guarantee 
mhiAsAi) ~ 10^ GeV assuming that the input scale Aj„ is at leastjjthe Planck scale Mpi ~ 10^^ 
GeV, the initial condition must be given at least with the precision of one part over A ~ 10 
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As is clear from the above discussion, naturalness arguments are strongly dependent on the 
hypotheses that one decides to make. For example if one assumes that the SM is the ultimate 
theory of nature, instead of being the low energy remnant of a more fundamental theory, then 
there is no problem: the Higgs boson has a mass which is exactly of the same order of the only 
energy scale he couples to, which is the Fermi scale v. A more defendable possibility is to agree 
on the fact that new physics exists, and to accept the finetunig becuse of anthropic argumentqj 
One can then say that, if we live in a Multiverse where different physics takes place in different 
Universes, our one is maybe not 'natural' but it is one of the few which can allow our existence. 
Another possible way to avoid the hierarchy problem is to eliminate the hierarchy, i.e. to make 
Mpi not far from the TeV scale. This is possible in the context of Large Extra Dimensions (LED) 
in which the 'volume' of the n compactified extra dimensions reduces the 'true' Planck 



^Since we know that gravity exists and it is not included in the SM. 

^For example, the cosmological constant poses another huge unsolved naturalness problem, yet its value is close 
to the upper bound beyond which galaxy formation is not possible |31) . Analogously, with rrih very different from 
the Fermi scale, we would not have atoms and again life would be impossible. 



scale Mpi from Mpi down to to: 

vf) ^^-^^ 

so that it can be Mpi <C Mpi if V(„) is large in TeV"" units. 

The logical choice that is behind low-energy Supersymmetry is that New Physics must respect 
a symmetry that protects the Higgs boson mass. Moreover the characteristic energy scale at which 
this symmetry (and thus this NP) manifests itself cannot be much different from the TeV scale. 
To see this, let us go back to the quardatic divergences: is it wrong to talk about Naturalness 
in terms of them? Suppose that the hierarchy problem is solved by means of a symmetry that 
protects the Higgs boson mass against large corrections. This symmetry has to be broken at 
low energy, and it will be restored at some higher scale A^vp. In particular at energies higher 
than Ajvp there will be additional particles and interactions which 'symmetrize' (i.e. cancel) the 
contribution of SM fermions to the running of ruh- If we regularize the various contribuitions to 



the self energy with a cutoff A, we must have something like (2.2) with mf replaced by A^p- 
Then the quadratic divergence will cancel out because of the symmetry, but in general there will 
be finite and logarithmic terms with coefficients of the form: 

' ;A%p. (2.9) 
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Since at higher energy the theory respects the symmetry, Aatp is the largest non symmetric scale 



to which the Higgs boson is coupled, and thus it will replace A^ in (2.7). At the end of the day 
we obtain, for the dominant top contribution: 

5-^ - JlA^P < A X ^^ =, A.p < ^^^^ X yi X (1 TeV) (2.10) 

where A is the finetuning (or amount of cancellation) that we tolerate, as defined above. Thus 
after all the usual 'naive' estimate is absolutely correct, as one would have guessed thinking in 
terms of effective theories. 



In supersymmetry the estimates (2.9) and (2.10) hold thus with: 



Ajvp ~ SUSY breaking masses at the energy scale M. (2.11) 

where M is the 'Messenger' scale at which supersymmetry breaking is communicated to the SM. 
It is the running of the relevant parameters from M down to low energy that may need some 
amount of cancellation in order to correctly reproduce the SM. This means that there is a residual 
finetuning in supersymmetric models: the point is that we now have the chance to reduce A, as 



defined in (2.7), from 10^"^ down to 10^ [or 10^], which can be considered an acceptable [better 
than 10^^ but maybe uncomfortable?] amount. 

2.2 Natural Supersymmetry 

Let us now see more precisely where is the finetuning problem in the Minimal Supersymmetric 
Standard Model (MSSM)[_| and how it is connected to the Higgs boson mas^ In Supersymmetry 

^See e.g. |34j for an introduction and for notation and conventions. 
^For a very clear and detailed discussion of this point see [35] . 



the mass of the hghtest Higgs scalar is controlled by the quartic coupling of the Higgs sector. As 
a consequence, in the MSSM there must be a light CP-even Higgs-like scalar h, with the tree level 
relation: 

ml < ml cos^ {2 13) (2.12) 

where tan/3 is the ratio of the vevs, Vu/vd, of the two Higgs doublets Hu and Hd. A Higgs boson 
below mz is excluded by data since a long time, so clearly extra contributions are needed. The 
only possibility within the MSSM is to raise m,h through radiative corrections, and the dominant 
contribution comes from the stop sector. Using the one loop effective potential one finds: 

,nl\u^ < <^AW) . |§ (lo.| + I (l - tS.)) (2.13) 

where m^ it the average stop mass squared and Xt = At — ficot (3, At being the stop A-term and 
/x being the superpotential mass term for the Higgs doublets. If we want to increase m,h up to 
125 GeV in this way, we need stop masses at least of order of some TeV. What is the problem with 
that? The problem is that, minimizing the scalar potential which leads to Electroweak Symmetry 
Breaking (EWSB), one finds: 

2 

^ ^ -mj,^-\fi\' (if tan/3 »1). (2.14) 

Now, the value of —mv\ju ^^ ^'-'^ energy is determined by its value at the Messenger scale M and 
by its running. For example the top system gives the one loop running: 

^'^_ff„ \yt\ r/ 2 . 2 . \ A \2\ /o 1 cr\ 

dI^=16^-^K3+--3 + IAI)- (2-15) 

Thus in general large stop masses introduce a large radiative correction on m?^ (100 GeV) with re- 
spect to its original value m?^^ (M) = m^^u ^^^^ GeV) — ^m?^^ \rad- Using the definition of finetuning 



(2.7) and fixing the amount A that we tolerate, we get from (2.14): 

d log m 7 , I ,- 9 , I . "Ti 7 

alogmj^ (M) I u I 2 

from which we have an 'upper naturalness limit' on the stop masses. In the same way we obtain 
a 'bound' on the gluino mass m^, which enters in the running of all the squark masses as: 

dlog/x 167r2 ^ Sy*^ ^ ^^ 

and then into mi^Hu ^^ ^^'^ loops. An upper bound on the /i-term comes directly from the tree-level 



relation (2.14). Putting all together one finds, neglecting At for simplicity (see also [19 
m,- r < 500 GeV sin (3 
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Figure 3: Examples of a natural supersymmetrics spectrum, the other s-particles are heavier. 
Left: taken from \24^ and |gj]/ . Center: taken from \22^ . Right: taken from ]2k^ . 



where m^^^^ is the hghtest Higgs boson mass at tree level. In the above discussion we kept only 
the bounds coming from the larger couplings, which are the top Yukawa yt and the strong gauge 
coupling (73. The bounds on all the other superpartners are weaker, as we discuss below. 



This natural supersymmetric spectrum, in which the conditions (|2.18|) are satisfied while the 

as an alternative 



other superpartners are heavier, has been considered since a long time |36] 
to the more conventional scenario with almost degenerate s-particles, also in connection with the 
'Supersymmetric Flavor Problem' and the 'Supersymmetric CP problem' since heavier sfermions 
of the first two generations can help in satisfying the flavor and CP bounds. This configuration, 
called 'More Minimal Supersymmetric Standard Model', 'Hierarchical Sfermions' or 'Non-Standard 
Supersymmetric Spectrum' (or in other ways) has received considerable attention also relatively 
recently [21],|13]-[1S], more or less in connection with Flavor and CP issues. If one saturates 
(2.18) with the choice A = 10 and eventually assumes a relatively low scale of mediation of 



SUSY-braking, then one is led to consider configurations like those depicted in Figure |3| 

What can we say about naturalness in Supersymmetry in light of the recent data? As discussed 
in the Introduction, the first 5 fb~^ of LHC data gave us at least three important messages: 

1. The squarks of the first two generations, if there, must have masses > 1 TeV. 

2. The third generation is excluded only op to ~ 300 GeV. 

3. There is a hint for the Higgs boson at about 125 GeV (with enhanced di-photon rate). 

Now, since so far the LEP bound mh > 114.4 GeV was often considered one of the main problems 
for naturalness in Supersymmetry, one may think that the main message is the third one and 
that ruh ~ 125 GeV rules out naturalness completely. This is absolutely not the case! A correct 
statement may be that the natural pure MSSM starts being in troublqj, since even with a large 



^See e.g. [49]-[52] for recent discussions. 



A-term one needs a stop mass of at least 1 TeV in equation (2.13), which is too large to be 
natural^ 

In fact it is well known that a heavy stop is not the only way to raise the lightest Higgs boson 
mass in Supersymmetry: there are a lot of ways to do that! The most straightforward one is 
probably the Next to Minimal Supersymmetric Standard Model (NMSSM)FH in which one adds 
a gauge singlet superfield S with superpotential coupling to the Higgs doublets XSHuHd- As a 
consequence the tree-level upper bound on the mass of the lightest scalar becomes: 

ml < m\ cos^ 2/3 + A\^ sin^ 2/3 , [NMSSM - ASUSY] . (2.19) 

While in the NMSSM one usually keeps A < 0.7 so that the coupling A does not become non- 
perturbative below the unification scale, in ASUSY [56] one requires perturbativity just up to 10 



TeV, and A can be set to be equal to 2 at low energies, so that rah can be as high as 350 GeV 
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Notice that, although such a heavy SM-like Higgs boson is now excluded, one can still lower its 



mass through singlet-doublet mixing [19]. In this case, in (2.18), one has to use the expression in 



equation (2.19) although the physical mass is smaller at tree level, because what counts there is 
the quartic coupling (or 'the maximum ruh that you can have at tree level'). 

Another possibility is to increase the quartic coupling by adding new gauge interactions, under 
which also the standard matter fields are necessarily charged. As a result one finds, at tree level: 

ml < (m| + ^"^^,,2 )cos^2/3 , [f/(l) extension] (2.20) 

2(1 + fe) 



y2 I 2 1 + 



3|M| 



ml < m| ^ +^^^ cos^2/3, r/ = '-^ , [5f/(2) extension], (2.21 



9" + 9' 1 + — 



where in the first case we added an extra U{1) with coupling g^ (see [61] [62] for details), Mx is the 
mass of the new gauge boson and M^ is the soft breaking mass of new heavy scalars. In the second 
case we added an extra SU{2) factor (see [62]-[66] for details), and the standard SU{2)]y gauge 
group is extended to SU{2)j x SU{2)u with couplings gi and gu, broken down to the diagonal 



SU{2) subgroup at a higher scale so that g = gign/ y9i+9n', ^s is the soft breaking mass of a 

heavy scalar in the (2, 2) and Mx is the mass of the quasi-degenerate heavy gauge triplet vectors. 

Further possibilities are adding extra vector-like matter that contributes to the Higgs boson 

mass through loops (see e.g. [67ij), or introducing non-renormalizable operators [35], [68] -[75] that 
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give hard SUSY-braking corrections to the Higgs quartic coupling 

Given this plethora of possibilities for increasing the Higgs quartic beyond the minimal model, 
it is clear that a Higgs boson at 125 GeV is absolutely not a problem for naturalness in Super- 



symmetry. The only requirement is truly that (2.18) are satisfied, and this is still possible with 



A < 10 provided that we abandon the idea of increasing mh through the stop loops only. Notice 
that this is a very nontrivial conceptual point, although it depends on the amount of finetuning 
that one tolerates. In fact a Higgs boson close to 115 GeV would have been instead an indication 



^°It is not a problem to have an enhanced di-photon rate, e.g. with a Hght stau 
""^^Scc [51] for a review. See also [5S] for a general discussion of finetuning. 
^^Notice the connection with the idea of the 'fat Higgs' [57]-[60]. 
^■^See [76] for a detailed study of finetuning in this case. 



that after all the MSSM does not need to be extended in order to make it natural. But this is not 
what the LHC is telling us! 

These considerations are more or less behind many of the most recent works on phenomeno- 
logical Supersymmetry, e.g. [in],|2n],[in],[ZZ]-[Hl]. For example in HH] the MSSM, NMSSM and 
ASUSY are compared in detail in light of the Higgs boson hint at 125 GeV, showing that one needs 
at least A > 100, 10 -v- 15, 5 respectively in the three cases. Concerning the enhanced di-photon 
rate that is maybe needed if there is truly the Higgs boson behind the present excess at 125 GeV, 
it is not difficult to obtain it through mixing effects both in ASUSY [39] and in the NMSSM 



The main point, however, is that a spectrum of the type of those in Figure [3] is really the only 
left out possibility for Supersymmetry to be natural, given the bounds on the squarks of the first 



two generations^ A more 'conventional' degenerate spectrum would in fact imply stops above 
the TeV, which per se means A > 100 if Higgs quartic is not much increased. For this reason, 
from being called 'More Minimal Supersymmetric Standard Model' or 'Hierarchical Sfermions' or 
'Split Families' or 'Non-Standard Supersymmetric Spectrum', this configuration has gained the 
right to be called 'Natural Supersymmetry]^ 

Finally, what about the first two generations of sfermions: how heavy can they naturally be? 
To see this, recall that their soft masses enter in the ROE of the lightest Higgs boson mass (through 
contributions to Tn'jj^) at one loop only proportionally to the 'Fayet-Iliopouolos' term: 

Tr(Fm2) = Tr(mQ + m^ - 2m^ - ml + m%) . (2.22) 

To be conservative, let us assume that this term vanishes at the scale M where the renormalization 
group fiow starts, which can happen if there is a vertical degenerac}|_| The effect arises then at 
the two-loop level, and in the MSSM with large tan/3 it reads: 

where m\ 2 is a common mass for the first two generations. The same expression is true also for 
the case of the NMSSM and ASUSY, taking into account that for low tan/? also the radiative 
corrections to m\ come into play. In the case of gauge extensions, on the contrary, there are 
additional terms due to the fact that the standard matter fields are charged under the new gauge 
groups. For large tan/3, so that m/i is maximized given the value of the new gauge couplings, one 
finds: 

^""^ - ^^ -Xa' + %')' + l9l)ml, , [f/(l) extension], (2.24) 



dlog/i (167r2)2^^ 9^^^ 6' 

Hm^ 4-S 5 

^ = p^(^'+9(^')'X2 , [5f/(2) extension], (2.25) 

The corresponding naturalness bounds are shown in Figure |4} The main features of these 
plots are easily understood [H]. The known result for the MSSM is that with A ~ 10 one needs 
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^^Unless the present bounds on the first two generations are escaped... see Section 

^^For exphcit examples of this recent change of name, see e.g. [I9 ] [23] [ 49] [83] [84] . 

^^For simplicity we assume total degeneracy; in principle it is enough to have it within SU{5) multiplets. 
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Figure 4: Naturalness upper bound on the mass of the 1^* and 2"°' generation, for different 
values of A, as a function of the SUSY-breaking mediation scale M. For XSUSY with Xv ~ 
200 GeV, perturbativity is up to about 10^ TeV. The Higgs mass is taken to be 125 GeV (see 
text) and the thick line stands for A = 10. We assume degenerate masses at M so that (2.22) 
is canceled. In the U{1) case, the bound is stronger than for SU{2). 



"^1,2 < 2 



3 TeV if M is as high as the unification scale [SH] , while it can be ml . 



7 TeV 



if M is not beyond 10^ -v- 10^ TeV. The main effect is a rescaling factor (125 GeV)/mz in the 
NMSSM where there is no large mixing (neglecting the radiative corrections to rrih), and Xv/mz 
in the case of ASUSY since what counts is the quartic coupling of the Higgs sector no matter if 
there are mixings that reduce the actual lightest Higgs boson mass. On the contrary in the case 
of gauge extensions, even if rrih is increased at tree level, the new gauge interactions introduce 
additional quantum corrections that make the bound stronger. 

To summarize. Natural Supersymmetry with stops and left-handed sbottom well below the 
TeV and heavier first two generations stands now as the only 'conventional' left out possibility 
for Supersymmetry to solve the Hierarchy Problem with A < 10, or equivalently 10% finetuning 



(other 'less conventional' possibilities are discussed in Section 3.1). 

Our considerations are briefly summarized in Table [ij The main point, as already said, is 
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Model 


mh = 125 GeV 


t 


R{h -)■ 77) 


tuning 


MSSM 


difficult 


above 1 TeV 
to increase mh 


light f 


A>100 


NMSSM 


easy 


can be light 
=^ natural 


singl-doubl 
mixing 


A > 10 -15 


ASUSY 


sing-doub mix 
to lower it 


can be light, but also 
naturally heavier! 


singl-doubl 
mixing 


A>5 


Gauge ext. 


easy 


can be light 
=^ natural 


presumably 
as in MSSM 


more costr. on 


Nonrenorm. 
operators 


easy 


can be light 
=^ natural 


presumably 
doable 


at least 
A>10 


Vector-like 
matter 


borderline 
(depends) 


can be light 
=^ natural 


presumably 
as in MSSM 


at least 
A>10 




Old 


New 


Name of the 
scenario 


'More Minimal SSM', 'Hierarchical 
sfermions', 'Non-Standard SUSY Spectrum',. •• 


'Natural Supersymmetry' 



Table 1: A summary of what discussed in Section 2.2. 



that the spectrum shown in Figure [3] has now the right to be called 'Natural Supersymmetry'. 
Moreover, if the hint for a Higgs boson at 125 GeV is confirmed, ASUSY with singlet-doublet 
mixing stands as the most natural possibility. Notice also that, due to the large increase in the 
Higgs quartic, in ASUSY all the squarks are naturally allowed to be heavier by a factor of 2 or 3 
(see also Figure 111). Thus, for example, if in the future no stops are found below 1 TeV and/or 
the squarks of the first two generations are excluded up to about 5 TeV, then only ASUSY-like 
configurations will have the right to be called 'Natural Supersymmetry'... In this last case, the 
easiest way to exclude Natural Supersymmetry might be to exclude the extended Higgs sectoi^ 
We will come back on these issues in the Conclusions. 

As a final remark we quote that, maybe also motivated by similar considerations, there has 
been recent interesting model building activity focussed on SUSY breaking with split families, 
or Natural Supersymmetry as we now say: see e.g. the recent idea of 'Flavor Mediation' [89] 

[92j-[94j^ including even Natural Supersymmetry from string 



91 
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[90] or other possibilities 

theory [98]. Moreover, since a low M can help in minimizing the amount of finetuning in (|2.18l) 



given the sparticle masses, we can also say that low-scale SUSY breaking is somehow favoured by 
data(-l-naturalness); see e.g. [SI][HH] for very recent studies. 



I'^See e.g. [88]. 
i^See also [17]. 

19 



See [iS]-[n7] for previous related work. 
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3 Other possibilities/issues 

3.1 Escaping the bounds 

Besides taking heavier superpartners, another way to keep Supersymmetry ahve is escaping the 
experimental bounds through less-standard or peculiar configurations. 



A first well-known possibility is R-Parity violation^ Recall that, from the superfield point 
of view, the down-type Higgs doublet Hd has exactly the same quantum numbers of the left- 
handed lepton doublet. It is thus clear that the Baryon Number and the Lepton Number are not 
accidental symmetries of the theory at the renormalizable level, as instead is the case for the SM. 
Introducing all the couplings allowed by the gauge symmetry without any suppression mechanism, 
one ends up with large contributions to excluded processes like proton decay. The standard way 
to avoid these terms is to impose by hand an additional discrete symmetry, namely the R-Parity, 
whose quantum number is R^f) = (— l)3('B-i)+2S -^j^g^-g j^ jg ^}^g baryon number, L is the lepton 



number, and S is the spin of the field (/^ Notice that all the SM particles have R-Parity -f-1, while 
all the superpartners have R-Parity —1. The most striking consequence of this fact is that the 
Lightest Supersymmetric Particle (LSP) must be stable, and can thus be a very good Dark Matter 
candidate. From the point of view of collider signatures, R-Parity leads to the crucial prediction 
of abundance of events with missing energy, since the LSP necessarily escapes the detector. Most 
of the experimental SUSY-search analyses published so far assume in fact that the production of 
any supersymmetric particle is accompained by the missing energy carried away by the LSP at 
the end, eventually, of a decay chain. For the case of R-Parity violating (RPV) supersymmetry, 
on the contrary, very few experimental analyses have been published so far, see e.g. |107j |108] . 
and it is clear that the present stringent bounds on the 'conventional' R-Parity conserving case 
can be escaped, at least in part. From the conceptual point of view, for RPV to be 'natural' one 
needs a rationale to make the effect small enough in order not to be in trouble with proton decay 
and other very constrained processes. For example a mechanism that one could use, and that is 
well known to be very efficient in suppressing the fiavor violation that additional fiavor structures 
can introduce in beyond-the-SM contexts, is Minimal Flavor Violation (MFV)P] The possibility 
of RPV with MFV has been studied in [II3][II1] and also recently in [n5][Il6]. See also ^[83] 
for recent discussions. 

Even with conserved R-Parity, the signal of Jets plus missing energy can be significantly 
reduced if the mass splittings between some superpartners are small. For example, a small gluino- 
LSP splitting reduces the phase space for the gluino dacay: as a consequence the typical missing 
transverse energy and momentum coming from processes involving gluinos are reduced, leading 
to a reduced acceptance for given selection cuts. For recent studies of this configuration, called 
'Compressed Spectrum', see e.g. |117j|118j . 

A similar way to reduce the missing energy, that in some cases is even more efficient, is 'Stealth 
SUSY' |119j|120] (see also |9l]). In this case, R-Parity is conserved but the LSP of the ordinary 



^°See |100j - [T05] for historical references, and [106 for a review. 

^"'^This is better than imposing separate Baryon and Lepton number conservation for at least two reasons: neutrino 
oscillations, and the fact that B and L are separately violated by nonperturbative effects at high energies, while 
B — L is conserved. 

22[Tnni[Iini[III]; see also [112] for a recent review. 
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sector decays into particles belonging to a 'Stealth sector' in which the relative mass splittings 
within a supermultiplet are small. Moreover, R-Parity-even stealth particles can decay back into 
SM particles; the phase space is thus again reduced for the decay chain that terminates with the 
true 'steahh LSP'. 

Another example of possible non-standard signatures is given by Dirac gauginos, which may 
distort the phenomenology in a significant way |121]jl22]jl23j . see also [7U]|124]|125] for recent 
studies. 

In summary, given the negative results of the SUSY searches so far, trying to see whether the 
detection may have been escaped for a reason that is not simply large mass is probably being to 
become a very hot topic in the near future, as an alternative way in which a natural Supersymmetry 
could be realized. Known possibilities are suppressing the missing energy (RPV), suppressing the 
'visible energy' that goes into jets (Compressed Spectrum), suppressing both (Stealth SUSY), 
or suppressing the production cross section by giving the gauginos a large Dirac mass (Dirac 
gauginos). New phenomenological studies and ideas about the above issues would probably be 
very timely. 

3.2 Insisting only on DM and unification and/or strings 

Recall that the main motivations for Supersymmetry are, broadly speaking: (i) It can solve the 
Hierarchy problem, in a perturbative way; (ii) It gives a good Dark Matter (DM) candidate; 
(iii) Gauge couplings unify at high energy; (iv) It is very elegant and a necessary ingredient of 
string theory. Moreover all this is done in a way that is almost automatically compatible with the 
EWPT. 

Retaining all the features (i)-(iv) provides a very attractive picture. However, that Nature 
must be without finetuning is not a necessity (we will come back on this in the Conclusions), and 
it is meaningful to study what happens retaining (ii)-(iv) while abandoning the requirement (i). 
It is clear that for DM one needs at least some neutralino at low energy, although its mass may be 
relatively heavier than the usual SUSY DM. It can be seen that the only choice that is radiatively 
stable is to keep all the gauginos and higgsinos around the TeV scale, while the squarks and one 
Higgs scalar doublet can be at a very high mass scale m. Remarkably, it turns out that this is 
also what is required for obtaining a precise gauge coupling unification. This scanario is called 
'Split Supersymmetry' [126]- [129], and the only finetuning that is needed is the (large) one that 
makes one of the two scalar doublets much lighter than its natural mass scale, which would be 
rh. Split Supersymmetry has many interesting peculiar features, whose discussion go beyond our 
present scopes; we refer for example to |128j for a review. To cite one of them, the gluino can be 
very non-standard and its dominant dacay width can be into a gluon and a gravitino, giving a 
single-jet signal with a distinctive energy distribution. Alternatively, although it is not the LSP, 
the gluino can be very long lived if its dominant decay mode is mediated by the heavy squarks, 
with a variety of possible unusual signatures not only at the LHC [rSOj - jlSSj . The experimental 
discovery of a slowly decaying gluino would be a strong indication for Split SUSY, and would also 
provide a way to measure the high scale m. 

A more radical point of view is to retain only the motivation (iv) and to accept again a large 
finetuning in the value of the Fermi scale. Actually, having accepted the finetuning, string theory 
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is a very plausible framework since it provides a huge number of vacua (the 'Landscape'), and one 
can speculate about environmental/anthropic selection among them |136j . In any case, what one 
ends up with is 'High-Scale Supersymmetry' [137] . in which all the superpartners are relegated at 
a very high energy and DM is plausibly made of axions. 

What can LHC data to-date say about these scenarios? An interesting feature of both models 
is that, assuming that there is no additional field content besides the one of the MSSM, the 
value of the Higgs mass is very precisely determined in terms of the parameters of the theory, in 
particular the scale m, with some variability depending on the boundary condition at the scale 
in. By carefully performing the running and the various matchings |138] - [Tin]|50] . it can be seen 
that a Higgs mass of 125 GeV implies ifi < 10^ TeV for the case of Split SUSY, while no bound 
can be derived on m in the case of High-Scale SUSY. 

Finally, these models are practically designed so that the direct bounds on sparticle masses do 
not touch them, and in particular the second case would not be touched even by eventual strong 
exclusion bounds on higgsinos and gauginos. If, on the contrary, particles resembling charginos 
and neutralinos are found, then it will be crucial to measure their couplings with high precision 



and see whether they are compatible with supersymmetry or nol^ To do so, a Linear Collider 
would be probably necessary. 

3.3 Higgs boson not at 125 GeV 

So far we have assumed that the hint for a Higgs boson at 125 GeV stands indeed for a signal, 
and we discussed some of the consequences for supersymmetric models. Given the importance of 
the issue, however, it is clear that we cannot content ourselves with a 2 -=- 3o" evidence, and more 
data is definitely needed (as the experimental collaborations also say). Moreover the fact that the 
channel in which most of the excess is seen, namely the diphoton one, prefers a rate that is larger 
than in the SM is precisely what one would expect in case of a background fluctuation. 

Let us than say something about the possibility (that may be disproved quite soon) that the 
present excess goes away and a SM-like Higgs boson is excluded up to a mass of 500-600 GeV. 
The SM alone would then be excluded by the combination of Higgs searches and Electroweak 
Precision Tests. In the context of Supersymmetry, the most plausible explanation would be that 
the CP-even scalars of the Higgs sector have a reduced production cross section times branching 
ratio with respect to the SM Higgs boson. Namely, what counts is the quantity: 

a{pp ^ s)BR{s ^ X) 
^^ ai^pp ^ h)sMBR{h -^ X)sM ^ ■ ^ 

where X is a given final state. In particular, above 2mz the Higgs boson decay into vector bosons 
is the dominant channel in the SM. Looking at the exclusion plots we see that a heavy 'not- 
so-much- SM-like Higgs boson' is still allowed by data provided that ^vv (y = W, Z) is smaller 
than 0.3 -^ 0.5. This suppression is not difficult to achieve, generally speaking, in supersymmetric 
models |151]|152j . thanks to mixing effecs (see e.g. |153j ). or top-loop effects that modify the 
gluon-fusion efficiency |154j . or a depletion of BR{s — )■ VV) due to a significant decay width into 
two neutralino LSP. In the case of ASUSY, in which such non-SM-like Higgs particles above 2mz 



^For these effects see [nT]-[ng].[T?7j-P^-[TH]]. 
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can be achieved very easily, it can be seen that it is not implausible to have ^vv ~ 0-1 ^ 0.2 for 
both the CP-even scalars, and it can also happen that the next to lightest state is more easily 
detectable than the lightest one |155j - [T57] . 

In conclusion, strictly speaking at the moment of writing it is not excluded that the hint for a 
Higgs boson at 125 GeV is just a fluctuation of the background. In this case there may be one or 
more not-so-much-SM-like Higgs bosons with mass between 200 and 300 GeV and ^vv ^ 0.3 -i- 0.5. 
Waiting for more data to disprove these possibilities, we can say that if no SM-like Higgs boson 
is found at 125 GeV, then in reasonable models we typically expect at least one almost-SM-like 



such scalar below 500 GeV with^^ ^ ^ 0.1. If the lightest scalar, with reduced couplings, is found 
to be above 200 GeV, then in the context of Supersymmetry this would be a strong indication for 
models with largely increased quartic coupling, like ASUSY. On the contrary, if a SM-like Higgs 
boson is indeed found at 125 GeV, then eventual additional scalars can have very low ^-values. 

3.4 About direct CPV in D decays 

As a last issue, let us give attention to the possibility that the recently measured direct CP- 



Violation in the D-meson decays, reported in equation (1.1 ), is a signal of physics beyond the SM. 
Whether the experimental value can be explained within the SM or not is still under discussion. 
What we can say is that it is possible that the SM accounts for the observed effect |158]|159j . but 
maybe not very easily or at least it is fair to say that New Physics is not implausible (see e.g. 

[nn] -pu). 

In the NP interpretation, what one needs is a rationale to understand why the main effect 
comes out in a AF = 1 process without disturbing the very tightly-constrained AF = 2 ones. 
Referring to |164] for details, a way to understand it in the context of supersymmetric models may 
be that flavor violation in the squark sector comes mainly from Left-Right mixings (i.e. from the A- 
terms), while the Left-Left and Right-Right mixings are subleading. The size of the experimental 
value can then be naturally explained in the configuration called 'disoriented A-terms' , in which 
the size of the entries of the A-term matrices is the same of those of the corresponding Yukawa 
matrices but without respecting exact proportionality. 

A concrete realization of this configuration that may actually be considered also independently 



of Supersymmetry can be |172j to invoke the paradigm of Partial Compositenesf ^^ In fact, if the 
flavor structure is originated by this mechanism, than one expects an effective Lagrangian of the 
type: 

r{<^ff) _ \ ^ „ab ^a b ^ (^ \ab . \ ^ abed ^a b c d 2 ^ ( /^ \abcd (n n\ 

while the Yukawa matrices are given by: 

(K)., ~ (?,ere^^ , {¥,),, r^ g.e^l (3.3) 

where the ef"' are 'suppression factors' generated by the strong dynamics. It is then clear that 
AF = 2 operators tend to be suppressed more than the AF = 1 ones, and thus we are going in the 



^''We come back in the Conclusions to the possibiUty that noting is seen also down to ^ < 0.1. 
25[TB5]-[TSH]- See [US] for an introduction and [T7D] for a recent study. See also jfTl] . 
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right direction. Moreover as discussed e.g. in |161j and |164j . the best candidates for producing a 
sizable effect in the charm sector while being consistent with the other flavor constraints are the 
AC = 1 chromomagnetic operators, such as: 

Ql- = ULcr^^'^g^G^^CR (3.4) 

together with the other one with opposite chiralities whose effect is typically relatively suppressed 



by a factor mu/Tnc- In the notation (3.2) we have, following |161]|164] : 

AacP ~ -(0.13%)Im(Ai?^^0 " (^^) Im(c?^)Im(Ai?^^) (3.5) 

where Ini(Ai?''^^) ~ 0.2 is the hadronic matrix element of Q^25 ^"^^ ^^ used the fact that e\ is 
expected to be ~ e^ times the Cabibbo angle. Since a reasonable estimate can be AR^^'^ ~ 1, in 



order to be compatible with the observed value ( 1.1 ) one needs either an enhanced SM contribution 
AR^^ ~ 5, or a NP contribution that corresponds in our case to: 

A = 10 TeV , Im(c?2) ~ 1 • (3.6) 

In a supersymmetric context]^ these flavor- violating operators are generated by the flavor-mixings 
in the squark mass matrices, that are of the form (looking at the order of magnitudes, no propor- 
tionality between matrices!): 

{Kd)f - ^Kd)f - 9p4^T (^-.'^ ^0 + Vd,u f^S.j) . (3.7) 



Moreover the effects come at the loop level, so that (3.6) can translate into: 



ct 
m ~ 1 TeV , Im(c?2) ~ -j- ■ (3.8) 

where m is the typical scale of superpartner masses. Notice that until last year this would have 
been more than welcome, as a possible signal of supersymmetric particles, while now it starts 
being in tension with the bounds from direct detection! 

For a detailed study along this direction we refer to |181] , in which this possibility is thoroughly 
discussed. It can be seen that the other bounds on flavor-violation in the quark sector are easily 
satisfled, while the Electric Dipole Moments (EDM) turn out to be the strongest constraint. This 
picture could also be extended to the lepton sector, and in this case the strongest bounds come 
from yU — !• 67 and the electon EDM. 

4 Conclusions and outlook 

We discussed the status of a few motivated beyond-the-MSSM models in the light of the recent 
LHC data. Our conclusions can be summarized as follows: 



^^This configuration, sometimes called 'hierarchical wavefunctions', has been studied for example in |175j - [T78] . 
also in the context of Supersymmetry. See also |179j |180) for the original idea. 
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1. Insisting on Naturalness: Natural Supersymmetry. The present hint of a Higgs boson 
at 125 GeV tells us that, in the MSSM, the stop should be too heavy to be natural according 
to the criterion A < 10. This instead is not a problem for non-minimal extensions, and thus 
we can at least say that beyond-the-MSSM models with increased quartic coupling are more 
motivated than before. Apart from that, the most solid input so far is that the first two 
generations must be above the TeV, thus either one tolerates A > 100 or typically one needs 
the third generation to be lighter than the first two. For this reason, 'More Minimal' or 
'Hierarchical' scenarios can now be renamed 'Natural Supersymmetry' (since it is the only 
left natural possibility... unless point 4, below). Actually in ASUSY the stop at about 1 
TeV, eventually degenerate with the other squarks, can be compatible with A < 10. In 
this case however also the first two generations can naturally be much heavier. Low scale 
SUSY breaking is also favoured in this view, since broadly speaking it reduces the amount 
of tuning. 

How to exclude Natural Supersymmetry? A relatively fair statement may be: not finding the 
Higgs boson (which would actually exclude also most of the finely-tuned SUSY scenarios), 
and/or especially not finding superpartners at the LHC. 

2. Escaping the LHC bounds. R-Parity violation after all is not compulsory, and without it 
the present bounds are partly escaped. Other possibilities can be SUSY with a compressed 
spectrum. Stealth mechanisms, or Dirac gauginos. It is important to be ready to these 
distortions of the 'usual' LHC phenomenology. 

This is clearly a very hot topic! In the future, if the bounds get stronger, we might be forced 
to call it something like 'Alternative Natural Supersymmetry'... 

3. Insisting only on DM and unification and/or strings: Split and High-scale SUSY. 
By construction, these possibilities are not touched by direct bounds on squarks. Thus for 
the moment the only experimental input for these models is the value of the Higgs boson 
mass, from which we can say that Split SUSY has to be 'not-so-split' (m < 10^ TeV), while 
nothing can be said so far in case of High-scale SUSY. 

4. Higgs boson not at 125 GeV. The importance of the issue is such that we cannot content 
ourselves with a 2-^3o" evidence: although there are a lot of good reasons for the Higgs boson 



to be there ^, the significance of the present hint is such that it may well be a background 
fluctuation. More importantly, heavier scalars with reduced couplings are present in SUSY 
as well as in other motivated extensions of the SM, and they must be looked for. 

What can be said is that, if the present hint turns out to be a fluctuation, then it is obviously 
crucial to look for the most-SM-Higgs-like particle (with reduced couplings). In this case, it 
is fair to say that such a particle cannot be considered to be reasonably excluded until the 
exclusion bound at 95% c.l. is at least down to cr/asM ^ 0.1. 

5. Direct CPV in D decays. In the context of Supersymmetry, assuming that the SM con- 
tribution is not enough to explain the data, a very natural possibility is to have 'disoriented 



27 



See for example |182j ! 
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A-terins'. This may be explicitly realized in a context in which the flavor structure has some- 
thing to do with the mechanism of Partial Compositeness. If this is the case, new effects 
are predicted to be around the corner in the neutron EDM and, if the picture is extended 
to leptons in the most straightforward way, in the electron EDM and in /x — )■ 67. 

To conclude, in the near future a very fundamental question has a chance to be answered: was 
Naturalness a good guiding principle? The LHC will tell us. The very minimal requirement is a 
colored sector mainly coupled to the top, at or below the TeV. If Supersymmetry is the way of 
Nature, this will be the scalar partner of the top. Thus a very important point is whether the 
stop is there or not. Notice that if this sector is made of scalars the first option would be SUSY, 
while in case of fermions the most plausible possibility would be compositenesq^ 

In any case, also being open to the possibility that Naturalness is implemented in an unexpected 
way, at least new particles/resonances within the LHC reach and/or a non-standard Higgs boson 
are requred. Thus, in case the Higgs boson is discovered, it will be crucial to measure its couplings 



and check whether it is SM-like or not , also looking at WW-scattering and looking for a second 



Higgs doubletrj If the Higgs particle is discovered to be exactly SM-like and no new particles are 



found, this will be a strong indication that there is fundamental finetuning in Nature^"^ ^ we like it 
or not. On the contrary, a non-standard Higgs boson and especially new particles would probably 
tell us that naturalness arguments were correct. Confirming or discarding the naturalness of the 
Fermi scale will be a very nontrivial conceptual input for the scientific though. Thus for the 
moment it makes sense to keep insisting on Natural Supersymmetry, until it is found or excluded. 
A quite non-conventional alternative is that nothing is found at the LHC, not even the Higgs 



particle, which is probably what most people expect least ^^ Finally, we must not forget about 
Flavor Physics: even in presence of a totally-SM-like Higgs boson and no extra particles, non- 
CKM flavor effects would at least imply that there is some new physics relatively at hand, although 
maybe beyond the LHC reach for direct discovery. Figure |5] is a pictorial summary of these last 
considerations. 
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^®For 'historical' references see |183j - |186] . 
29See e.g. [IH7]-[TnT] for recent studies. 
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^^See e.g. |195)|196j for recent studies. 



^^See e.g. [31j for another indication, as already said. In general, one can argue that finetuning with no symmetry 
explanation is an evidence for the Multiverse, or string theory Landscape. See also [^, [136] for discussions. 

^■^One can think about configurations in which the lightest Higgs boson is completely 'buried' under the QCD 
background, see e.g. |197||198j . However there are typically other particles to be detected, such as the heavier 
scalars of the Higgs sector, and in conventional models it is unlikely that really nothing is found at the LHC. 
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Figure 5: General considerations about the LHC outcome. The important point is that the 
LHC will probe the concept of Naturalness. Thus it makes sense to keep insisting on Natural 
Super symmetry, until it is found or excluded. What can be said in light of the LHC data so 
far is that the MSSM starts being a bit too finetuned if no extra ingredient is introduced. 
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